Results: In patients with OI (n ‫؍‬ 94), there were no differences in prior mean assay values compared with matched controls (386 versus 417 ng/ml, P ‫؍‬ 0.24). In 47 patients with AR, again no differences were detected in prior assay results (390 versus 432 ng/ml, P ‫؍‬ 0.25) when compared with controls. "Low" values (<225 ng/ml) lacked sensitivity and specificity as a predictive test for subsequent OI, as did "strong" (>525 ng/ml) values as a predictive test for subsequent AR.
T ransplant immunosuppression is a balance between the prevention of immunologic injury such as acute rejection and avoiding adverse events such as opportunistic infections, drug toxicity, and malignancy. Current methods used to determine an individual's immune status after kidney transplant include therapeutic drug monitoring, serologic markers (i.e. absolute leukocyte count, serum creatinine, and anti-HLA antibodies), and allograft biopsies. Therapeutic drug monitoring can be effective in preventing toxicity and ensuring patient adherence but does not take into account individual variations in metabolism and may not accurately predict the risk of rejection (1, 2) . To optimize immunosuppressive regimens and avoid untoward events, additional noninvasive methods to assess an individual's immune responsiveness in the clinical setting are necessary.
In 2002, the United States Food and Drug Administration (FDA) approved the ImmuKnow TM assay (Cylex TM ) as an assessment of cell-mediated immunity in immunocompromised individuals (3) . The test measures increases in intracellular ATP levels released from activated CD4ϩ cells in response to nonspecific mitogenic stimulus. Because the cellular immune response is known to play a key role in acute rejection and in the prevention of opportunistic infections, the ImmuKnow assay may be a potentially useful predictor for the future development of such adverse events (4) (5) (6) (7) . Since the FDA review, however, few studies have clarified the value of the ImmuKnow assay in the clinical monitoring of patients after kidney transplant. Additionally, most studies have examined the assay characteristics in the presence of disease, rather than its potential as a predictive assay in patients without predefined disease.
Because many of these previous studies had small numbers of patients and events, included nonopportunistic infections, and had varying results, we performed a large retrospective analysis of ImmuKnow results obtained over a 5-year period and correlated these values specifically with subsequent clinical events of acute rejection and opportunistic infection. We hypothesized that measurements of CD4ϩ T cell ATP release via the ImmuKnow assay may demonstrate that individuals with high values are at increased risk for rejection, whereas those with low values are at increased risk for opportunistic infections.
Materials and Methods
We performed a single-center retrospective analysis of ImmuKnow assay (T cell assay [TCA]) results obtained in renal transplant recipients from November 2004 to July 2009. Inclusion criteria included recipients of a kidney or simultaneous pancreas-kidney transplant Ͼ18 years of age, with at least one TCA drawn during the study period. Initial baseline immunosuppression primarily included three-drug immunosuppression with the majority of regimens consisting of prednisone, a calcineurin inhibitor, and an antiproliferative agent. Rabbit antithymocyte globulin induction therapy was used for repeat transplants, African American recipients, simultaneous pancreas-kidney transplants, and patients with panel reactive antibody Ն20%. All of the patients received Pneumocystis carinii prophylaxis for a total of 6 months posttransplant. In the setting of induction therapy, cytomegalovirus (CMV) IgGϩ recipients received valganciclovir for 3 months, whereas CMV IgGϪ recipients of a kidney from a CMV IgGϩ donor received valganciclovir for 6 months. Patients were screened for BK virus (BKV) via urine and blood PCR at 1, 6, 12, and 24 months post-transplant or in the event of a clinical suspicion such as an acute rise in serum creatinine. Urine PCR levels Ͼ100 million copies/ml (high grade viruria) or a positive blood PCR (viremia) resulted in a decrease in immunosuppression with follow-up BKV blood/urine testing until urine PCR decreased to less than 100 million copies/ml, whereas patients with BKV viremia and a rise in serum creatinine underwent biopsy to confirm BKV nephropathy.
TCA were drawn in three different clinical scenarios and codified as: (1) protocol-based screening at 0, 1, 6, and 12 months post-transplant; (2) testing in the setting of clinical suspicion such as an acute rise in creatinine and/or potential opportunistic infection; and (3) testing of stable patients in the outpatient setting. The latter group included tests drawn at annual visits 2 or more years post-transplant or at any other routine clinic visit outside of the 1, 6, and 12 months in which organ transplant function was stable. TCA were performed at the University of Colorado HLA Laboratory as described previously (3) . Whole blood was incubated overnight with phytohemagglutinin. CD4ϩ cells were selected using paramagnetic particles coated with monoclonal CD4ϩ antibodies, lysed to release ATP, and processed through a luminometer to calculate the numeric result, which was also categorized as "low" (Յ225 ng/ml), "moderate" (226 to 524 ng/ml), or "strong" (Ն525 ng/ml) per manufacturer recommendations.
These values were correlated with subsequent clinical events defined as either opportunistic infections (OI) or acute rejection (AR). TCA values drawn within 90 days before a clinical event were selected for analysis. These values were compared with TCA in patients matched for age, gender, and time of testing post-transplant but without clinical events. Further analysis included study of a subset of patients with more than one TCA value preceding the clinical event, for whom changes in TCA values over time were analyzed for the association of the future development of an adverse clinical event.
Acute rejection was defined as an acute rise in creatinine that was biopsy-proven or clinically suspected and improved with empiric intravenous corticosteroid therapy. Retrospective capture of all noninfluenza viral infections and fungal infections diagnosed clinically, serologically, and/or histologically during the study period was performed. Throughout the study period, no clinical intervention protocol was implemented based upon TCA results, and clinicians were discouraged from making interventions in immunosuppression based upon these results. An earlier analysis was performed on data collected from November 2004 to November 2007 (8) . Noting no correlation between TCA results and clinical events, further data collection proceeded, again without intervention strategies based upon TCA results.
This study was performed with the review and approval of the Colorado Institutional Review Board.
Statistical Analyses
TCA values were compared at baseline using t tests. Categories of TCA were compared for those with OI (or AR) versus all samples from patients with no infection or rejection events using 2 tests. Patients with OI (or AR) versus control patients matched for age, gender, and time since transplantation were compared using McNemar's test on the matched pairs. Odds ratios were calculated using conditional logistic regression, stratified on age and time of test post-transplant. Changes in TCA over time for those with more than one value before an OI or AR event were compared with paired t tests. OI and AR were compared separately. Group sample sizes of 94 infections and 94 controls achieve 80% power to detect a difference of 74 ng/ml in TCA values, and 47 rejections and 47 controls achieve 80% power to detect a difference of 103 ng/ml, with an estimated group SD of 180 ng/ml and a significance level of 0.05 using a two-sided two-sample t test.
Results
583 patients had a total of 1330 TCA results available for analysis between November 2004 and July 2009 (Table 1) . 897 TCA values (67%) were drawn for protocol screening at 0, 1, 6, or 12 months post-transplant. The remaining tests were drawn for a clinical suspicion or other indication ( Table 2 ). The frequency distribution of these results is presented in Figure 1 .
Overall, there were a total of 180 opportunistic infections in 151 patients (Table 3 ). There were 101 TCA values that preceded 101 OI in 91 patients. From these 101 tests, a control group could be identified for 94 TCA tests performed in patients without OI, matched for age, gender, and time posttransplant (controls). The remaining seven TCA associated with a subsequent OI did not have matched controls and were excluded from the analysis (Figure 2 ).
There was no statistically significant difference noted when comparing the mean TCA in those associated with a subsequent OI versus controls (386 versus 417 ng/ml respectively, P ϭ 0.24; Figure 2 ). Similar distributions in TCA values were present in both groups (Table 4) . Notably, low values (Յ225 ng/ml) were not associated with the future development of OI (P ϭ 0.58). Within our overall study sample, 35 tests were Ͻ100 ng/ml, three of which were associated with a subsequent OI. To determine whether changes in TCA values over time may be more predictive of an OI event, we analyzed 49 of the 91 patients with an OI who had more than one preceding TCA value. In these patients, there was no significant difference between prior and subsequent mean values (395 ng/ml versus 354 ng/ml, P ϭ 0.15). Twelve of 49 (25%) of these patients had a TCA decrease of Ն150 ng/ml, seven of 49 patients (14%) had an increase of Ն150 ng/ml, whereas the remainder (30 of 49 patients, 61%) had a change in TCA of Ͻ150 ng/ml. When compared with controls, the calculated sensitivity and specificity of TCA values Ͻ226 ng/ml for OI were 21.3 and 83.0%, respectively. The odds ratio (OR) for a low value, stratifying on age and time post-transplant, was NS at 1.34 (95% confidence interval [CI] 0.64 to 2.82, P ϭ 0.43) ( Table 5 ). The results were similar when the relationship between low values and OI were compared with all other samples (OR 1.29, 95% CI 0.79 to 2.09, P ϭ 0.31, an uncontrolled comparison).
There were a total of 122 episodes of acute rejection in 113 patients overall (Table 6 ). Of 113 patients with 122 episodes of acute rejection, 52 episodes in 52 patients had a TCA in the prior 90 days available for analysis and were able to be matched with 47 age, gender, and time post-transplant controls. Five patients without controls available were excluded from the analysis.
When comparing TCA values in those with subsequent acute rejection versus controls, the mean values between the two groups were not statistically different (390 ng/ml in AR versus 432 ng/ml in controls, P ϭ 0.25; Figure 3 ). In patients with acute rejection, 51% of the preceding TCA values were classified as moderate (226 to 524 ng/ml), 26% as low (Յ225 ng/ml), and 23% as strong (Ն525 ng/ml) ( Table 7 ). The proportion of those TCA values classified as strong was not significantly different between patients with AR versus controls (P ϭ 0.77). There were significantly more low values in individuals with AR when compared with controls (26% versus 7%, P ϭ 0.01; Table 7 ). Within our overall study sample, of 81 tests Ն700 ng/ml only two were associated with subsequent AR. Of the 47 patients with AR, 11 had more than one preceding ImmuKnow assay value. In two patients the TCA decreased by Ն150 ng/ml, eight patients had a change in TCA of Ͻ150 ng/ml, and one patient increased by Ն150 ng/ml before an AR event. High TCA values lacked sensitivity and specificity for predicting the development of acute rejection when compared with controls (23.4 and 80.9%, respectively). The OR was not statistically significant compared with controls (OR 1.87, 95% CI 0.47 to 8.38, P ϭ 0.48) or compared with all samples (OR 1.15, 95% CI 0.61 to 2.19, P ϭ 0.67) ( Table 8) .
Discussion
To our knowledge, this is the most comprehensive study to analyze the utility of a single ImmuKnow assay (Cylex TM ) measure in its predictive value for clinical events such as opportunistic infection and/or acute rejection in renal transplant recipients. We found no association between preceding TCA levels and the future development of either an OI or AR in the subsequent 3 months. Within our study population, low TCA values (Յ225 ng/ml) lacked both sensitivity and specificity for the prediction of OI, as did high values (Ն525 ng/ml) for the prediction of AR. The distribution of test values preceding both clinical outcomes was quite variable between low, moderate, and strong values, rendering the interpretation of a single test result of little clinical value for the purposes of defining patients at risk for OI or AR.
Prior reports have suggested that low TCA values are associated with both opportunistic infections and nonopportunistic infections. For example, Batal et al. (9) found significantly lower median TCA values in 25 patients with BK viremia when compared with patients with BK viruria and controls during the first 6 months post-transplant. Another study of 12 renal transplant patients with active viral infections (BKV and Epstein-Barr virus [EBV] most common) noted a mean TCA value of 56.8 Ϯ 58.2 ng/ml at the time of diagnosis, and with a reduction in immunosuppression and treatment of the viral infection, the mean TCA value increased to 194.5 Ϯ 118.9 (10) . Importantly, these studies address the TCA at the time of disease rather than before the onset of disease. Other small studies have attempted to assess the ImmuKnow assay as a predictive test and have reported that low TCA values are associated with an increased incidence of infections in stable transplant recipients on maintenance immunosuppression (11) (12) (13) (14) . However, these studies were small with relatively few infection episodes compared with our study and included many nonopportunistic or undefined infections. Unlike these prior studies, we specifically defined and included only opportunistic infections, included tests performed both as screening tests in the asymptomatic patient as well as under conditions of b CMV infections were identified in the evaluation of gastrointestinal symptoms (n ϭ 9), leukopenia (n ϭ 4), or other viral presentations (n ϭ 5).
c The 58 BKV infections included in the analysis were subclassified as BKV nephropathy (n ϭ 7), BKV viremia (n ϭ 36), and high-grade BKV viruria (n ϭ 15) at the time of diagnosis.
d All of the EBV infections were identified in the setting of clinical symptoms, none of which were related to posttransplant lymphoproliferative disorder. clinical suspicion, and compared these results with a control group matched for age/gender/time of testing post-transplant.
There is less evidence in the literature correlating ATP release values and acute rejection. In a study of 509 heart, liver, kidney, and small bowel transplant recipients, patients with TCA values Ͼ700 ng/ml were 30 times more likely to develop cellular rejection. However, within the cohort of kidney transplant recipients with AR (n ϭ 22), the median TCA value was 462 ng/ml (12). Reinsmoen et al. (15) reported that from a 126-patient cohort, pretransplant TCA levels were higher in 18 patients with subsequent acute rejection (occurring at any time after transplant) compared with 57 patients without subsequent rejection (pretransplant TCA 414.3 ng/ml versus 285.3 ng/ml, P ϭ 0.04). Additional smaller studies are contradictory, with some suggesting that TCA may have predictive value for AR (14, 16, 17) , while others have not (9) .
Unlike these previous studies, our study had 2.5 to 10-fold more AR events (a total of 47 rejection episodes in 47 patients), a defined time of event from TCA (3 months), and a comparison with a gender/age/time match from the transplant control group. In our study the mean ATP release values for patients with AR was classified as moderate, with significantly more patients with AR and a low TCA when compared with controls. These findings demonstrate that patients with moderate or low ImmuKnow assay values still have a strong intact cellular immune response and can experience acute rejection.
A number of limitations in our study must be acknowledged. We included ImmuKnow assay values that were drawn within the preceding 90 days before an event for this analysis. This (9, 12) but would require significantly more sampling. Another limitation is that, despite standard immunosuppression and use of depleting antibody induction therapy in nearly half of all patients, TCA values within our population were rarely less than 100 ng/ml. Individuals with TCA values Ͻ100 ng/ml may indeed be at higher risk of developing an OI as discussed above (11, 12) . However, of 35 TCA Ͻ100 ng/ml, only three were associated with OI in the subsequent 90 days, indicating that extremely low values are not consistently associated with untoward events. Our lack of data in this regard may be due to differences in immunosuppression regimens compared with other studies (not well defined in other reports). Data regarding changes in immunosuppression after TCA measures, which could potentially influence the incidence of end points, were not collected. However, our immunosuppression regimens and protocols are not inconsistent with those commonly implemented for kidney transplantation in the United States and thus represent a reasonable "real world" experience with TCA interpretation. One cannot entirely exclude the possibility of clinical decision making that may have occurred on the basis of test results. However, this practice was discouraged, and an interim analysis in 2007 that suggested a lack of predictive value reinforced this policy (8). We did not perform serial screening for asymptomatic EBV, CMV, or hepatitis C viremia; thus we cannot comment upon the value of ImmuKnow monitoring for these conditions. Finally, it should be reiterated that the sensitivity and specificity as reported in Tables 5 and 8 are calculated based upon the features of our patient population, immunosuppression protocols, and testing protocol and thus may not be applicable to other transplant populations. Our study was designed to test the hypothesis that the ImmuKnow assay could identify patients at risk for acute rejection or opportunistic infection under routine clinical management of renal transplant recipients. It should be clarified that there is no indication for use of the ImmuKnow assay for this purpose and that its FDA approved indication is for the "detection of cellmediated immunity in an immunosuppressed population." Earlier studies have suggested that this test should be used to determine the strength of a patient's immune system and provide guidance in individualizing and minimizing immunosuppression regimens to avoid adverse events (12) . Others have suggested that changes in TCA value over time are more predictive of events, a hypothesis that is supported by uncontrolled studies but could not be tested in our series given relatively small numbers of patients with events who had more than one preceding TCA performed (17, 18) . On the basis of our data and interpreted within the context of our testing protocol, immunosuppression regimens, and 3-month assessment window described, we suggest that immunosuppressive medications not be adjusted solely on the basis of a single TCA measure.
In conclusion, ImmuKnow assay measures at a single time point did not identify individuals at risk for the future development of clinically significant events. Further studies are required, perhaps examining changes in ImmuKnow assay values over time, to clarify the role of this test in immune monitoring of kidney transplant recipients.
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